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Introduction
Many material properties are actually surface properties. For example, erosion, abrasion, wear, oxidation, corrosion, adhesion, bonding, friction, fatigue, and cracking are all affected by surface properties [1] [2] [3] . By modifying surfaces, depositing thin films, or producing multiple-layered coatings, the designer can enhance performance, such as resistance to erosion, abrasion, wear, oxidation, corrosion, and cracking, as well as biocompatibility or environmental compatibility [4] [5] [6] [7] .
In order to understand surface properties, and ultimately to provide better surfaces, it is necessary to study the physical and chemical characteristics of the material surface obtained by a given process. A number of tools are now available for surface analysis of any solid surface [8] [9] [10] . Because the surface plays such a crucial role in many processes, surface analysis and its tools have established their importance in a number of scientific, industrial, and commercial fields [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . For example, the editors of Research & Development Magazine surveyed the thin-film research community in August 2001 to determine the level of involvement with thin-film characterization tools and the immediate research concerns [22] . The survey indicated that thin films and coatings are commonly used in components and devices to improve mechanical properties, material performance, durability, strength, and resistance in basic industries, such as industrial coatings (21% of researchers' responses), nanotechnology (19%), optical components (19%), plastics (17%), ceramics (15%), biomedical technology (10%), instrumentation (10%), microelectromechanical systems (10%), and disk drives (6%). Further, according to the survey, the most widely used tools for examining thin films and coatings are optical microscopy (60%), scanning electron microscopy (56%), energy-dispersive x-ray spectroscopy (29%), Fourier transform infrared spectroscopy (29%), surface profilometry (29%), x-ray diffraction (27%), Auger electron spectroscopy (25%), ellipsometry (23%), scanning probe microscopy (19%), transmission electron microscopy (19%), thermal analysis (15%), x-ray photoelectron spectroscopy (12%), confocal microscopy (10%), and secondary ion mass spectroscopy (8%).
Surface analysis is important for verifying the success of the surface preparation process including a coating process or surface treatment, for controlling the surface quality, and for identifying the surface contamination that can either enhance or inhibit the surface effects of the material. Selecting the proper analytical tool and method is crucial to obtaining the right information. To select the proper tool, the researcher must know the size of the specimen, the sampling area, the sampling depth, the spatial resolution, the detection sensitivity, whether quantitative or qualitative results and destructive or nondestructive analysis are desired, and many other factors. Each technique has its strengths and weaknesses. Therefore, no single tool can provide the answers to all problems. In many cases, it will be necessary to use multiple tools to reach an answer.
This chapter describes selected surface analytical tools that are being used in understanding phenomena and mechanisms of oxidation, adhesion, bonding, friction, erosion, abrasion, and wear and in defining the problems. The reader will find the basic principles and instrumentation details for a wide range of analytical tools in the literature [8] [9] [10] 19] . However, the analytical instrumentation field is moving rapidly, and within a year current spatial resolutions, sensitivities, imaging and mapping capabilities, accuracies, and instrument cost and size are likely to be out of date. Therefore, these references should be viewed with caution.
Nature of Surface Analysis
A surface, by definition, is an interface, a marked discontinuity from one material to another. Because no change in nature is ever instantaneous, any real surface has a finite depth, and in characterizing a surface one must at some point consider just what this depth is.
The elemental and chemical state, phase, microstructure, crystalline structure, and defects of a solid often vary as a function of depth into the material or spatially across the material. Many tools specialize in addressing these variations down to extremely fine dimensions (on the order of angstroms in some cases). Requests are made for physical and chemical information as a function of depth to depths of 1 mm or so (materials have about 3 million atomic layers per millimeter of depth), as shown in fig. 1 . It is this region that affects a broad spectrum of physical, chemical, mechanical, and structural properties. Knowledge of these variations is of great importance to the selection and use of bulk materials, thin films, and modified surfaces. Tables 1 to 3 briefly summarize the selected common tools available to surface engineers and tribologists today in studying the properties and behavior of solid surfaces. They give the commonly used tools, the information that can be obtained from the analysis, the vertical (depth) and the lateral (spatial) resolution that can be probed, and the form of the required specimen. For surfaces, interfaces, and thin films there is often little material to analyzehence, the presence of many microanalytical methods in tables 1 to 3. Within microanalysis it is often necessary to identify trace components down to extremely low concentrations (parts per trillion in some cases), and a number of tools specialize in this aspect.
In other cases a high degree of accuracy in measuring the presence of major components might be the issue. Usually, the tools that are good for trace identification do not accurately quantify major components. Most complete analyses require the use of multiple analytical tools, the selection of which depends on the nature of the specimen and the desired information. 
Surface Chemistry
Tools included in table 1 primarily provide elemental and chemical information on surfaces, interfaces, and thin films. The surface tools usually require a high vacuum. In most analyses the specimen is subjected to some kind of radiation beam: electrons, photons (light), ions, x rays, and neutral species. As a result of interactions between the solid surface and the incoming radiation, a beam of a similar (or a different) nature will emerge from the specimen. Measurement of the physical and/or chemical attributes of this emerging radiation will yield qualitative, and often quantitative, information about the chemistry, topography and morphology, and structure of the surface being probed. Auger electron spectroscopy (AES), x-ray photoelectron spectroscopy (XPS) or electron spectroscopy for chemical analysis (ESCA), secondary ion mass spectroscopy (SIMS), and Rutherford backscattering spectroscopy (RBS) have become the standard set of surface, thin-film, and interface analytical tools. Each has its own strengths and weaknesses and mostly they are complementary. AES and XPS each can determine the elemental composition (except for hydrogen and helium) and the chemical state of the outermost atomic layers of a surface [1, 2, [15] [16] [17] [18] [19] . SIMS can detect hydrogen and helium and has a much higher absolute sensitivity in many cases, but it seldom gives any chemical information and does not identify bonding characteristics as would XPS. SIMS, by its nature, has to remove material to do its analysis. RBS readily produces good quantitative results and does nondestructive depth profiling, but it lacks the absolute sensitivity of AES to many of the important elements and its depth resolution is not as good as AES can produce, in many cases.
AES and XPS both are surface-sensitive tools for probing the surface chemistry of solids. There are, however, a number of practical differences between the two tools (e.g., detection speed, background, and spatial resolution). XPS is more often selected to determine chemical information than is AES. The particular strengths of XPS are quantitative chemical state analysis and elemental analysis of surfaces (without standards). Although these techniques derive their usefulness from their intrinsic surface sensitivity, they can also be used to determine the composition of deeper layers. Such a determination is normally achieved through controlled surface erosion by ion bombardment. AES or XPS analyzes the residual surface left after a certain sputtering time with rare gas ions. In this way composition depth profiles can be obtained that provide a powerful means for analyzing worked layers, modified layers, thin films, multiple-layered coatings, lubricants, reaction film products, transferred films, and their interfaces. AES is generally more advantageous in composition depth profiling than is XPS.
AES-AES uses a focused electron beam to create secondary electrons near a solid surface. Some of these electrons (the Auger electrons) have the characteristic energies of the elements. AES has the attributes of high lateral resolution (10 nm with a field emission electron source) and an analysis depth to 10 nm, relatively high sensitivity, and standardless semi-quantitative elemental analysis. In addition, some of the Auger electrons detected have energies characteristic, in many cases, of the chemical bonding of the atoms from which they are released. Because of their characteristic energies and the shallow depths from which they escape without energy loss, Auger electrons can characterize the elemental composition and, at times, the chemistry (chemical bonding information in some cases) of surfaces. The Auger peaks of many elements show significant changes in position or shape in different chemical conditions and environments. Further, the high spatial resolution of the electron beam and the sputter etching process allow microanalysis of three-dimensional regions of solid specimens.
A study of aluminum is an example of effective AES analysis. Figure 2 (a) presents an AES spectrum of a chemically polished surface of a single-crystal aluminum pin specimen examined in ultrahigh vacuum (10 -9 Pa). A carbon contamination peak is evident as well as an oxygen contamination peak. Carbon and water are ubiquitous on any solid surface. Even a supposedly "clean" surface will show a significant carbon and water contribution to the AES spectrum because of the presence of one or more layers of adsorbed hydrocarbons. The surfaces of metals and ceramics usually contain, in addition to the constituent atoms, adsorbed films of water vapor, carbon monoxide and dioxide, and other oxide layers. A contaminant layer will attenuate the electron signal from the underlying surface and may mask important features in the spectrum. In fig. 2 (a) the aluminum and oxygen peaks indicate that the surface was covered with aluminum oxide (Al 2 O 3 ) as well as a simple adsorbed oxygen film. In addition to the major AES peaks the chemically polished aluminum surface could contain small amounts of contaminant species, such as silicon and nitrogen.
In a vacuum environment sputtering with rare gas ions or heating can remove contaminants adsorbed on the surfaces of materials [23] . Figure 2 (b) presents the AES spectrum taken after the aluminum pin specimen had been argon ion sputter cleaned. After the sputtering the contamination peaks became very small, and the relative peak intensity of aluminum increased markedly. Each contaminant was less than 1%, on the order of typical AES trace capability. Figure 3 presents the AES spectra of an as-received surface and an argon-ion-sputter-cleaned surface of a sapphire flat specimen. A carbon contamination peak is evident on the as-received sapphire surface. The cleaned sapphire surface consisted of Al 2 O 3 and small amounts of carbon and implanted argon. The contaminants on the cleaned sapphire surface were on the order of typical AES trace capability.
When the contaminated surface of the chemically polished aluminum pin specimen was brought into contact with the argon-ion-sputter-cleaned surface of the sapphire flat specimen in ultrahigh vacuum, the pull-off forces (adhesion) required to separate the two surfaces in contact were small. The mean value and standard deviation of these pull-off forces were 231 and 241 µN ( fig. 4) when the argon-ion-sputter-cleaned aluminum pin specimen was brought into contact with the argon-ionsputter-cleaned sapphire flat specimen in ultrahigh vacuum, strong bonds formed between the two materials. The mean value and standard deviation of the pull-off forces required to separate the two surfaces in contact were 3015 and 298 µN, respectively ( fig. 4) . The presence of a contaminant film on an aluminum surface reduced adhesion by a factor of 13. Clearly, the importance of surface chemistry on the adhesion behavior of two solid surfaces in contact is demonstrated in the data of fig. 4 . XPS-In XPS monoenergetic soft x rays bombard a specimen material, causing electrons to be ejected. The elements present in the specimen can be identified directly from the kinetic energies of these ejected photoelectrons. Electron binding energies are sensitive to the chemical state of the atom. Although [23, 24] . In the study in situ XPS analyses were conducted with the heat-treated SiC. Also, single-pass sliding experiments were conducted with the heat-treated SiC in contact with iron at various temperatures from room temperature to 1200 °C in ultrahigh vacuum. As depicted in fig. 5 the XPS spectra of the heat-treated SiC surface indicate distinguishable kinds of carbon (i.e., a large graphite peak and a small carbide peak associated with the SiC as a result of the chemical shifts). XPS analysis revealed that, concurrently, graphitic carbon replaced carbidic carbon at the topmost layers of SiC, as a result of the evaporation of silicon. The outermost surficial graphite layer on the SiC heat treated at 1500 °C was 1.5 to 2.4 nm in depth. The coefficients of friction for the graphitized SiC in vacuum were generally low. The heat-treated SiC had lower coefficients of friction, by more than onehalf, than those for nongraphitized, clean SiC surfaces. The coefficient of friction dropped from 0.8 for the nongraphitized, clean SiC surfaces to 0.2 for the graphitized surfaces. Note that the carbide peak obtained from the nongraphitized, clean SiC surface dominated in the XPS spectrum. Thus, this study demonstrated that heat treatment of SiC at 1500 °C converted the surface exhibiting high friction to low friction and identified the surface chemical changes responsible for the friction behavior. The results of fig. 5 illustrate the value of surface analytical approaches in friction investigations [23, 25] .
Topography and Morphology
Surface imaging analyses (e.g., table 2) are important for assessing the preparation process, phase, damage, defects, or morphological characteristics of solid surfaces. They provide a visual feel for the surface of a device and can quickly identify problem areas. Observation and topography measurement of the physical attributes will yield qualitative, and often quantitative, information about the morphology of the surface being probed. Scanning electron microscopy (SEM), optical interferometry (optical profilometry), and atomic force microscopy (AFM) have become the standard set of imaging analytical tools. Each has its own strengths and mostly they are complementary.
SEM-SEM is an excellent first-look analytical tool when conventional light microscopy no longer provides adequate spatial resolution or depth of focus. SEM is the most common surface imaging tool to materials engineers, surface engineers, and tribologists interested in studying the morphology, defects, fractures, erosion, and wear of material surfaces.
In SEM an electron beam is focused into a fine probe and subsequently raster scanned over a small rectangular area. As the electron beam interacts with the specimen, it creates various signals, such as secondary electrons, internal currents, and photon emissions, all of which can be collected by appropriate detectors. The use of electron microprobe tools in SEM is now a well-established procedure. Especially, the combination of SEM and x-ray analysis utilizing either energy-dispersive x-ray spectroscopy (EDS) or wavelength-dispersive x-ray spectroscopy (WDS) provides a powerful tool for local microanalysis. SEM-EDS or SEM-WDS produces three principal images: secondary electron images, backscattered electron images, and elemental x-ray energy maps or x-ray energy histograms. Secondary electrons carry information about surface topography and morphology. Backscattered primary electrons carry information about atomic number and topographic contrast. X-rays carry information about elemental composition and an element's concentration distribution. Three modes of analysis are commonly used: spectrum acquisition, spatial distribution or dot-mapping of the elements, and element line scans. X-rays are generated over a larger volume than are either the backscattered or secondary electrons detected. Thus, the spatial resolution of x-ray maps (0.5 to 1 µm) is much larger than that of secondary electron images (~1.5 nm with a field emission electron source) or backscattered electron images.
One example of SEM-EDS analysis is a study of titanium-6% aluminum-4% vanadium (Ti-6Al-4V) in vacuum. In the study multiple-pass sliding friction experiments were conducted with the Ti-6Al-4V in contact with a typical nickel-base superalloy in vacuum at room temperature. Substantial plastic deformation and severe surface damage occurred on the Ti-6Al-4V surface when sliding against the superalloy in vacuum [26] . Figure 6 presents a secondary electron SEM image, a backscattered electron SEM image, and an x-ray energy histogram of the wear surface produced on the superalloy after 100 passes at a load of 2.5 N. Figure 6 shows a Ti-6Al-4V patch on the wear track of the superalloy surface. The interfacial bonds (adhesion) between the two materials in contact in vacuum are generally strong, and seizure between the two contacting materials can occur. Seizure (or galling) increased the coefficient of friction to 1.4. Failure of Ti-6Al-4V generally occurs either in tension or in shear because some of the interfacial bonds are generally stronger than the cohesive bonds within the cohesively weaker Ti-6Al-4V. The failed Ti-6Al-4V subsequently transfers Ti-6Al-4V patches to the contacting superalloy surface. The transfer patches shown in fig. 6 occupied a large area fraction of the overall wear track. Thus, severe damage, often called scuffing, scoring, or galling, occurred in the unlubricated contact between the Ti-6Al-4V and the nickel-base superalloy superalloy in vacuum. The results illustrate the value of the SEM and EDS surface analytical approaches in seizure (galling) and wear investigations. Optical interferometry-Optical interferometry is a useful tool available today to surface engineers and tribologists interested in studying surface topography. Optical interferometry (also called an optical profiler; a non-contact, vertical-scanning, white-light interferometer; or a non-contact, vertical-scanning, laser interferometer) can profile an extremely wide range of surface heights and can measure surface features without contact [27] . It characterizes and quantifies surface roughness, step height, bearing ratio, height distribution, critical dimensions such as area and volume of damage, eroded craters, wear scars, and other topographical features. It has three-dimensional profiling capability with excellent precision and accuracy; for example, profile heights ranging from <1 nm to 5000 µm at speeds to 10 µm/sec with 0.1-nm height resolution and large profile areas to 50 mm by 50 mm or 100 mm by 100 mm.
In optical interferometry light reflected from the surface of interest interferes with light from an optically flat reference surface. Deviations in the fringe pattern of bright and dark lines produced by the interference are related to differences in surface height. If an imaging array is used, three-dimensional information can be provided. In general, optical profilers have some advantages-non-destructive measurement, no specimen preparation, and short analysis time under ambient conditions-but also some disadvantages. If the surface is too rough (roughness greater than 1.5 mm), the interference fringes can be scattered to the extent that topography cannot be determined. If more than one matrix is involved (e.g., multiple thin films on a substrate) or if the specimen is partially or totally transparent to the wavelength of the measurement system, measurement errors can be introduced. Multiple-matrix specimens can be measured if coated with a layer that is not transparent to the wavelength of light used.
The shape of a surface can be displayed by a computer-generated map developed from digital data derived from a three-dimensional interferogram of the surface. Computer processing and frequency domain analysis result in a quantitative three-dimensional image. Such a map shows details of individual features and also the general topography over an area and describes surfaces. For example, fig. 7(a) shows a three-dimensional view of an optical interferometry image taken at the beginning of a wear track (groove) produced on a gamma titanium aluminide flat (Ti-48Al-2Cr-2Nb in atomic percent) with a rounded diamond pin (a Rockwell cone diamond with a tip radius of 0.2 mm) in air at room temperature. In the experiment the surfaces of the Ti-48Al-2Cr-2Nb flat and the diamond pin were brought into contact and loaded at 100 N, and the single-pass sliding was begun at a sliding velocity of 12 mm/min. Clearly, a plastically deformed permanent groove was formed on the Ti-48Al-2Cr-2Nb surface where the diamond began to slide. The plastically deformed Ti-48Al-2Cr-2Nb was subsequently piled onto the sides of the groove. The quantitative volume, height, and depth of the displaced Ti-48Al-2Cr-2Nb were directly processed by the computer. In the view of this particular groove the volume and the maximum height, calculated from the three-dimensional image, of the piled Ti-48Al-2Cr-2Nb on the sides of groove were 1.64ϫ10 6 µm 3 and 30.81 µm, respectively, whereas the volume loss and the groove depth were 1.63ϫ10 6 µm 3 and 42.94 µm, respectively. The sliding action also produced cracks, which generally propagate perpendicular to the sliding direction. The combination of data taken from optical profilometry and scanning electron microscopy (SEM) verified that the cracks did propagate perpendicular to the sliding direction. The Ti-48Al-2Cr-2Nb failed either in tension or in shear.
Another study was done of a polymer matrix composite (PMC). Erosion tests were conducted with the PMC in an air-sand erosion rig. Substantial erosion occurred on the PMC surface. Figure 7(b) , as an example, shows a three-dimensional view of an optical interferometry image of an erosion crater for PMC (vane specimen) eroded at an impact angle of 20° by using 15 g of Arizona road dust as the erodent. In this particular case the volume loss and maximum depth, calculated from the three-dimensional image, of the eroded crater were 3.00ϫ10 10 µm 3 and 69.42 µm, respectively. fig. 7 demonstrated that optical interferometry can be a powerful analytical tool for measuring critical dimensions, such as the volume, depth, and area of the wear scar and eroded crater, respectively. AFM-One popular variant of scanning probe microscopy is atomic force microscopy (AFM), also called scanning force microscopy (SFM). AFM can measure the force of interaction between a specimen surface and a sharp probe tip [28] . The tip, a couple of micrometers long and often less than 10 nm in diameter, is located at the free end of a cantilever 100 mm to 200 mm long. When the tip comes within a few angstroms of the specimen surface, repulsive van der Waals forces between the atoms on the tip and those on the specimen cause the cantilever to deflect, or bend. A detector, such as the position-sensitive photodetector, measures the cantilever deflection as the tip is scanned over the specimen or the specimen is scanned under the tip. As a piezoelectric scanner gently traces the tip across the specimen (or the specimen under the tip), the contact force causes the cantilever to bend to accommodate changes in topography. The measured cantilever deflections allow a computer to generate a map of surface topography. Atomic force microscopes can be used to study insulating and semiconducting materials as well as electrical conducting materials. Most atomic force microscopes currently used detect the position of the cantilever with optical techniques. The position-sensitive photodetector itself can measure light displacements as small as 1 nm. The ratio of the path length between cantilever and detector to the length of the cantilever itself produces a mechanical amplification. As a result the system can detect even 0.1-nm vertical movements of the cantilever tip. Other methods of detecting cantilever deflection rely on optical interference, a scanning tunneling microscope tip, or piezoresistive detection (fabricating the cantilever from a piezoresistive material). In addition to having higher spatial resolution than SEM, AFM requires little or no sample preparation and can analyze specimens in ambient or even hydrated conditions.
The shape of a surface can be displayed by a computer-generated map developed from digital data derived from many closely spaced parallel profiles taken by this process. Such a map shows details of individual features and also the general topography over an area and describes surfaces. Many engineering surfaces have height distributions that are approximately Gaussian (i.e., they can be described by the normal probability function). It is also useful to describe surfaces in terms of the integral of the distribution (bearing ratio), which gives the fraction of the surface at or below each height. The well-known Abbott's bearing curve, which gives the contact area that would exist if the hills were worn down to the given height by an ideally flat body, is the fraction of the surface at or above each height. Many modern surface analyzers provide chart or video displays of height histogram and bearing ratio (Abbott's bearing curve or bearing area curve) as standard features [29] . Figure 8 gives examples of AFM images of an ion-beam-deposited, diamondlike carbon (DLC) film and a chemical-vapor-deposited (CVD), fine-grain diamond film, both deposited on mirror-polished silicon substrates (DLC on silicon and CVD diamond on silicon). The DLC film surface has a smooth, flat morphology. The CVD diamond surface has a granulated or spherulitic morphology: the surface contains spherical asperities of different sizes [30] . The surface roughness of the DLC on silicon is 0.49 nm root-mean-square (rms), and the surface roughness of the CVD diamond on silicon is 58.8 nm rms. Also, figs. 8(a) and (b) show actual three-dimensional height profiles, histograms, and bearing ratios for the DLC on silicon and the CVD diamond on silicon, respectively.
Structure and Crystallography
Three tools included in table 3 all have diffraction in their names and give long-range order information on atomic positions from diffraction patterns. They are nondestructive techniques because of the specimen preparation methods. Their role is to provide structural information on surfaces, interfaces, and thin films. Low-energy electron diffraction (LEED) and reflection high-energy electron diffraction (RHEED) use electrons in high vacuum, whereas x-ray diffraction (XRD) uses x rays in most environments. LEED and RHEED are surface sensitive and provide surface crystallographic information, whereas XRD is a bulk method and provides bulk crystallographic and structural information. In standard form LEED and RHEED do not have much spatial resolution, beam spot sizes being a fraction of a millimeter. Microscopic modes using beam columns exist, however. Usually, XRD does not provide spatial resolution, but for special applications, resolution of greater than ~10 µm can be obtained with a microfocus source and a suitably thin film (~1 µm). One of the disadvantages of XRD, compared with electron diffraction, is the low intensity of diffracted x rays, particularly for low-atomic number (Z) materials. Typical intensities for electron diffraction are ~10 8 times larger than for XRD. LEED is the best known and most widely used tool for investigating the crystallography of surfaces and overlayers or films adsorbed on surfaces. LEED is a standard tool in the analysis of single-crystal surfaces. LEED uses normal incidence, with electron energies between 10 eV and 1000 eV, whereas RHEED uses grazing incidence and detection, with electron energies between 5 keV and 50 keV. The diffraction pattern and the intensity distribution in the diffracted beams from rows of atoms can provide information on the positions of atoms in the surface and on the existence of various kinds of crystallographic disorder in the periodic arrangement of surface atoms. LEED gives information on surface order and cleanliness, surface atomic structure, adsorbed gas or oxide, phase transition in overlayers or surfaces, and chemical reactions of surfaces.
RHEED is the most similar to LEED, differing mainly by using grazing incidence instead of normal incidence. It is a surface-sensitive tool for probing surface structures and is ideally suited for the study of single-crystal surfaces. Although RHEED is a standard tool in the analysis of single-crystal surfaces, it can be used to study disordered real crystal surfaces and polycrystalline surfaces. When used to examine a real crystal surface, RHEED gives information on surface crystalline structure, crystallographic orientation, surface reconstruction (the rearrangement of surface atoms to minimize the surface energy), degree of surface disorder, and degree of surface roughness. Figure 9 shows classic examples of crystal structural damage in manganese-zinc (Mn-Zn) ferrite as verified by RHEED and the effect of the damage on its magnetic properties [31] . On a magnetic tape recorder the sliding of the magnetic tape abrades the Mn-Zn ferrite head and scratches its surface. Considerable surficial plastic flow occurs on the ferrite surface, and the large number of defects produced can drastically change the crystalline state of the ferrite head and produce a worked layer on its surface. The worked layer decreases readback signal amplitude and degrades the signal obtained in short-wavelength recording. Figure 9(a) shows the readback signals from a new, chemically etched single-crystal Mn-Zn ferrite magnetic head in sliding contact with a magnetic tape as a function of sliding distance. Figures 9(b) and (c) show the electron diffraction patterns taken from the magnetic head surface before and after sliding. Clearly, the sliding action changed the crystalline state of the magnetic head's surficial layer from a single-crystal structure to a nearly amorphous one. That crystallographic change in Mn-Zn ferrite is a critical factor in the readback signal losses shown in fig. 9(a) .
When RHEED is used to study film growth on crystalline surfaces, it gives information on the nucleation, growth, and growth rate of epitaxial films (e.g., molecular beam epitaxy (MBE); structural changes as a function of temperature or time; the deposited film growth mode (i.e., whether it grows layer by layer or as three-dimensional crystallites); the crystalline structure; and the film's orientation with respect to the substrate).
XRD is the classical, most widely used tool for general crystalline material characterization. With the use of high-brightness x-ray sources the surface structure also can be determined by grazing incidence methods. XRD offers unparalleled accuracy in measuring atomic spacings. It identifies crystalline phases present in materials and measures the structural properties of these phases, such as strain state, crystallite size, grain size, epitaxy, phase formation and composition, preferred orientation, diffusion, and defect structure. XRD is also used to determine the thickness of thin films and multiple layers and the atomic arrangements in amorphous materials including polymers and at interfaces. Electron diffraction patterns of (b) highly strained single-crystal structure before sliding and (c) nearly amorphous structure after 60 km of sliding.
